Anti-Müllerian hormone (AMH) helps maintain the ovarian reserve by regulating primordial follicle activation and follicular selection in mammals, although its role within the avian ovary is unknown. In mammals, AMH is primarily produced in granulosa cells of preantral and early antral follicles. Similarly, in the hen, the granulosa cells of smaller follicles are the predominant source of AMH. The importance of AMH in mammalian ovarian dynamics suggests the protein and its specific Type II receptor, AMHRII, may have conserved functions in the hen. AMHRII mRNA expression is highest (P < 0.01) in small follicles of the hen and decreases as follicle size increases. Similarly, expression of AMHRII and AMH is highest in granulosa cells from small follicles as compared to larger follicles. Dissection of 3-5 mm follicles into ooplasm and granulosa components shows that AMHRII mRNA levels are greater in ooplasm than granulosa cells. Furthermore, immunohistochemistry also revealed AMHRII staining in the oocyte and granulosa cells. AMH expression in mammals is elevated during periods of reproductive dormancy, possibly protecting the ovarian reserve. AMHRII and AMH mRNA were significantly higher (P < 0.05) in nonlaying ovaries of broiler hens. In molting layer hens, AMHRII mRNA was significantly greater (P < 0.05) compared to nonmolting hen ovaries. These results suggest that AMH may have a direct effect on the oocyte and, thereby, contribute to bidirectional communication between oocyte and granulosa cells. Enhanced expression of AMHRII and AMH during reproductive quiescence supports a potential role of AMH in protecting the ovarian reserve in hens.
Introduction
The laying hen has highly coordinated follicle development, making it a valuable animal model for studying ovarian function. The hallmark of an efficient laying hen is the maintenance of a precise follicular hierarchy, where follicles continuously develop and ovulate according to size, resulting in daily ovulation. Current research in the hen aims to elucidate hormonal regulation and intercellular communication that control this follicular hierarchy. In the mammalian ovary, anti-Müllerian (AMH) hormone maintains the ovarian reserve by regulating primordial follicle activation and C The Author(s) 2018. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com follicular growth and selection [1, 2] . AMH importance in mammalian ovarian dynamics suggests that AMH may have conserved, protective functions on the ovarian reserve and within developing follicles in the hen.
In addition to the primary function of AMH in the ovary, as described above, a secondary role of AMH is to modulate the development of gonadotropin-dependent follicles. AMH has been shown to reduce FSH sensitivity in follicles [1, 3] . Two micro-RNAs, miR181a and miR-181b, have recently been identified as targets of AMH. AMH is believed to upregulate these micro-RNAs, reducing intrafollicular cAMP levels and thus FSH sensitivity [4] . A third proposed function of AMH in the ovary relates to periods of reproductive quiescence. During these times, AMH mRNA expression increases, suggesting that AMH may limit follicular recruitment and development during times of restricted fertility [5, 6, 7] . To date, the mechanism of action underlying this phenomenon has yet to be identified. Ovarian factors including bone morphogenetic protein 15 (BMP15) are involved in the regulation of AMH action as BMP15 upregulates AMHRII mRNA expression in human and ovine granulosa cells [8] .
AMH is a ligand member of the transforming growth factor β (TGF-β) superfamily. In mammals, AMH signaling is initiated by binding two TGF-β type receptors [9, 10] . AMH first binds to the extracellular portion of its specific primary receptor [11] , AMH type II receptor (AMHRII), which subsequently phosphorylates one of three nonspecific type I receptors: ALK2/ACVR [12, 13] , ALK3/BMPR1A [14, 15] , or ALK6/BMPR1B [16] . After binding to type 1 and type II receptors, signaling is transduced to the nucleus by phosphorylating three receptor-regulated Smads.
In mammalian females, AMH is most strongly expressed in the granulosa cells of small follicles [17] . In the adult hen, AMH is also produced in granulosa cells of small follicles, with the highest levels of AMH mRNA detected in 1 mm whole follicles [18] . AMH mRNA levels are decreased in large follicles, with very low levels in the granulosa layer of the pre-ovulatory (F1) follicle [18] . Immunohistochemistry studies detected AMH protein localization within granulosa cells of small follicles, and there was no gradient of AMH mRNA expression in granulosa cells relative to the germinal disc [18] , as is sometimes observed in mammals [19] .
Two main types of chickens have been selected in modern commercial poultry production systems: the layer hen, which is a lighter weight hen selected for efficient and prolific egg production, and the broiler hen, which has been largely selected for robust growth and muscle development for meat. A similar pattern of AMH mRNA expression was found in developing follicles of layer and broiler hens, although the absolute quantity of AMH mRNA was greater in broiler hen ovaries [20] .
While avian AMH is biologically active in mammals, mammalian AMH fails to activate Müllerian duct regression in avian species [21] , possibly resulting from low homology in the binding region of AMH or extracellular region of AMHRII. Information about AMHRII expression and regulation may help clarify AMH function in birds. Identified in the chicken in RNA-Seq reads as early as embryonic day 4.5 (E4.5), AMHRII is estimated to be approximately 547 amino acids long, although the full nucleotide sequence is not currently available [22] . The first objective of this research was to characterize AMHRII mRNA and protein expression in the adult hen ovary to better understand the potential roles of AMH in avian reproductive physiology. The second objective was to evaluate AMH and AMHRII in different reproductive states. Finally, we evaluated regulation of AMH and AMHRII by the oocyte factor BMP15.
Materials and methods

Animals and treatment protocols
Commercial strains of Single-comb White Leghorn laying hens (Babcock B300 and Shaver) were used. The hens were individually caged, with egg records maintained daily. All hens had ad libitum food and water, and were kept on 15 h light: 9 h dark (lights on at 0600 h) photoperiod. Hens between 8 and 21 months of age and laying regularly were euthanized by CO 2 asphyxiation at 1.5-2.5 h post oviposition. Embryos (embryonic day 6-12; E6-12) used in immunofluorescence or western blot were derived from a Cornell laying strain.
Fifteen-month-old broiler breeder hens (Cobb) on a restricted diet were also used and were housed in floor pens. Nonlaying broiler breeder hens (n = 5) exhibited small, pale combs, yellow shanks, and fully regressed ovaries. Broiler hens which were laying (n = 7) had large, red combs, full follicular hierarchies, and were trapped in a nesting box after laying an egg. Layer strains of hens were induced to molt with dietary supplementation of ZnO 2 [23] or molted spontaneously. In all molting cases, feather loss was documented and the ovary was regressed. Nonmolting hens of the same age were used as controls to the molting hens. All animal care and procedures were approved by the Institutional Animal Care and Use Committee of Cornell University.
Tissue collection and RNA isolation
Fresh tissues were immediately placed into cold Krebs-Ringer bicarbonate buffer on ice prior to dissection or subsequent storage. Whole follicles (1, 3, 5 mm) and liver samples were used fresh or immediately frozen in RNAlater Stabilization Solution (Thermo Fisher Scientific, Cat. No. AM7021) at -80
• C, and homogenized preceding RNA isolation. Granulosa cells and ooplasm were collected from 3-5 mm follicles of a hen and pooled by hen (n = 8-10 hens), as previously described [24] . Briefly, the follicle was split with a scalpel blade and the ooplasm allowed to flow into the buffer and immediately collected with a pipet. Granulosa cells were also collected from 3-5, 6-8, 9-12 mm, and F1 follicles (n = 5-6 hens) for mRNA expression. For granulosa cell culture, granulosa cells were isolated from 3-5 and 6-8 mm (n = 5-6) follicles. Cells were dispersed and cultured as previously described [24] . Recombinant human BMP15 (rhBMP15; R&D Systems, Minneapolis, MN) was added to the cultures at doses of 0, 10, and 25 ng/mL. RNA from follicles (1, 3, 5 mm), liver tissue (n = 4-5), ooplasm, granulosa cell layers, and cultured granulosa cells was extracted using the RNeasy Mini Kit (Qiagen, Cat. No. 74106) according to manufacturer's instructions, including on-column DNA-digestion with RNase-free DNase (Qiagen, Cat. No. 79254). RNA from total ovarian tissue (cortex tissue without ≥ 1 mm follicles) from nonlaying (n = 5) and laying (n = 7) broiler breeder hens and from molting (n = 16) and nonmolting (n = 16) layer hens was extracted using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Cat. No. 74704) according to manufacturer's instructions.
Reverse transcription and qRT-PCR
RNA was analyzed for quality and concentration using an Implen NanoPhotometer UV/Vis spectrophotometer before cDNA synthesis was performed according to manufacturer's instructions (Applied Biosystems, High-Capacity cDNA Reverse Transcription Kit, Cat. No. 4368814) and with RNase inhibitor (Applied Biosystems, Foster City, CA, USA; Cat. No. N8080119). Custom Invitrogen primers 
Immunofluorescence
Embryonic testes (E11-12) were used as a positive control and to demonstrate the successful replication of the fixation and immunofluorescence procedures described in Cutting et al. [22] . Fresh tissue, including pooled E11-12 testes and ovarian cortical tissue (n = 3 hens), from adult laying hens were fixed for cryosections according to the procedures detailed in Cutting et al. [22] . Cryosection blocks were sectioned at 5 μm at the Histology Laboratory at the Cornell University Veterinary School, and sections (hematoxylin and eosin) were examined prior to use. The immunofluorescence protocol previously described [22] was modified for cross sections of ovarian and follicular tissues: AMHRII antibody was increased to 1:750; 10% goat serum IgG in 5% NFDM in PBS was used to block; and a 10-min thaw at room temperature was included before a 3-h soak in PBS at room temperature. The secondary antibody was 1:750 goat anti-rabbit Alexa Fluor 555 (Thermo Fisher Scientific, Cat. No. A-21429), and slides were incubated with Hoechst 33358 (1:1000 in H 2 O) for 15 min at room temperature for nuclear staining. Tissues were imaged using a Nikon Eclipse E600 microscope with light and fluorescent capabilities and a Spot RT Slider camera.
Statistical analyses
Messenger RNA expression from qRT-PCR data was analyzed using a one-way ANOVA. When significance was detected, means were compared using Tukey's test, and P values of <0.05 were considered significant. All statistical analyses were performed using GraphPad Prism (Version 6.0 for Windows, GraphPad Software, La Jolla, CA, USA, www.graphpad.com).
Results
To determine the potential involvement of AMHRII in folliculogenesis, AMHRII mRNA expression levels were evaluated across different follicle sizes, and found to decrease significantly as follicle size increased (P < 0.02; Figure 1 ). AMHRII mRNA was significantly greater in 1 mm follicles compared to 5 mm follicles and was undetectable in liver. Within granulosa cells from small (3-5 mm), developing (6-8, 9-12 mm), and the pre-ovulatory (F1) follicles, both AMHRII (P < 0.001) and AMH (P < 0.001) mRNA expression were significantly highest in 3-5 mm follicles (Figure 2 ). Furthermore, AMHRII mRNA was significantly higher in ooplasm than in granulosa cells (P < 0.05) collected from 3-5 mm follicles ( Figure 3 ). To evaluate separation of the two follicular components, two known oocyte-specific factors, BMP15 (P < 0.01) and GDF9 (P < 0.05), were assessed in these follicular compartments and found to be significantly higher in ooplasm and negligible in granulosa cells, as expected (Figure 3 ). In laying and nonlaying broiler breeder hens, both AMHRII (P < 0.05) and AMH (P < 0.05) mRNA expression were higher in nonlaying hens (Figure 4) . In layer hens, AMHRII mRNA expression was significantly higher in the molting (with no difference between the spontaneously or induced molting hens) as compared to nonmolting hens (P < 0.05), while AMH mRNA levels were not different (P = 0.57; Figure 5 ). In culture, rhBMP15 significantly decreased (P < 0.05) AMHRII mRNA in granulosa cells from 3-5 and 6-8 mm follicles and also decreased AMH mRNA in granulosa cells from 6-8 mm follicles (Figure 6 ).
AMHRII western blots yielded a main band between 60-80 kDa in whole follicles ( Figure 7 ). As follicle size increased, an additional band between 30 and 40 kDa strengthened, in contrast to the band at 60-80 kDa. β-actin, at approximately 42 kDa, showed equal loading among lanes. Expression of AMHRII protein in the granulosa layer of 3-5 mm follicles and the F1 granulosa appears at a similar size, although much less intense than that in whole follicles (data not shown).
The results of AMHRII immunofluorescence in Sertoli cells in the E12 testis replicated the results found in Cutting et al. [22] (data not shown). In ovarian follicles, immunohistochemistry showed clear binding in the oocyte and granulosa cells (Figure 8 ). When the primary antibody was replaced with 10% goat serum, the signal was absent in both the testis and follicle.
Discussion
To our knowledge, this is the first time AMHRII has been characterized in the adult hen and throughout ovarian follicle development. AMHRII mRNA expression was highest in 1 mm whole follicles and decreased as follicle size increased. This notable decline in both AMH and AMHRII mRNA expression strongly correlates with increasing follicle size, suggesting AMH plays a primary role in early follicle development, prior to yellow yolk accumulation and recruitment into the follicular hierarchy. AMHRII and AMH mRNA levels were also highest in granulosa cells from 3-5 mm follicles, and were negligible in F1 granulosa cells.
Interestingly, AMHRII mRNA expression was significantly higher in ooplasm as compared to granulosa cells. AMHRII has been historically reported to directly colocalize with AMH in granulosa cells within follicles [26] . However, our results indicated significantly higher levels of AMHRII mRNA in ooplasm than in granulosa cells. Additionally, immunofluorescence results show strong localization of AMHRII protein within the oocyte. These findings are supported by the results of in situ hybridization studies of small antral follicles in the rat [17] . Baarends' studies show AMHRII mRNA signal throughout the oocyte and granulosa cells of some follicles. Subsequent studies have primarily investigated AMHRII mRNA and protein expression within granulosa cells.
We found similar amounts of AMH mRNA levels in the ooplasm and granulosa cells (data not shown), likely indicating granulosa contamination in the ooplasm samples. In fact, we stained several ooplasm samples with Hoechst and found evidence of nuclei (cells) in the ooplasm preparation. Our previous IHC data showed intense staining for AMH in the granulosa layer [18] , and AMH has repeatedly been found only within granulosa cells of a variety of species [27] [28] [29] [30] , although AMH was localized in oocytes and granulosa cells within caprine [31] and Atlantic salmon [32] follicles via IHC. Oocyte-specific BMP15 and GDF9 mRNA levels show that there is extremely low contamination of ooplasm in granulosa cells. This is likely due to washing the granulosa cells prior to RNA extraction. In contrast, it was not feasible to "wash" the ooplasm before extraction. Future refinement of ooplasm collection techniques, including filtering and centrifugation, could increase the purity of ooplasm samples. AMHRII western blots show a strong protein band between 60 and 80 kDa. The full chicken AMHRII peptide sequence and molecular weight are unknown, although Cutting et al. [22] estimated the chicken AMHRII sequence to be 514 AA. Human AMHRII is 573 AA, and is observed at approximately 83 kDa on a western blot, while the European seabass and Fugu pufferfish are only 499 and 514 AA, respectively. A shorter amino acid sequence in the chicken might yield a smaller sized band than what is observed in mammals. In the mouse, different AMHRII forms have been identified at approximately 58 and 66-68 kDa, depending on glycosylation and disulfide bond cleavage [33] . Finally, a second band at approximately 40 kDa is visible in whole follicles 4 mm and greater; this band from an unidentified protein seems to intensify as follicle size increases. To date, AMHRII has not been reported to yield a protein form similar in weight to the 40 kDa band. AMHRII protein expression in western blots from 3 to 5 mm and F1 granulosa cells appears at a similar size (data not shown), although much less intense than that in whole follicles, supporting the hypothesis that the AMHRII in the oocyte may be very important in bidirectional communication between the oocyte and the granulosa cells.
BMP15 is an oocyte-specific protein that has been shown to regulate AMHRII. When granulosa cells were treated with rhBMP15, AMHRII and AMH mRNA expression decreased significantly, contrary to the effects of BMP15 on AMHRII in humans [8] . BMP15 increased AMHRII mRNA expression within luteinized human and ovine granulosa cells, as well as increased AMHRII promoter activity within ovine granulosa cells [8] . Perhaps a species or dosage effect is responsible for the difference between these two studies. Our earlier work using oocyte-conditioned medium revealed an oocyte factor was capable of decreasing AMH mRNA expression [18] . BMP15 may possibly decrease both AMH in the granulosa cells and AMHRII in the granulosa cells and oocyte. During follicular development, both AMH and AMHRII mRNA levels decrease at the time of follicle selection and growth. Signals from the oocyte, such as BMP15, might act through an autocrine mechanism or interact with the surrounding granulosa cells to permit the acquisition of FSHR and thus allow the follicle to develop. We have previously shown that BMP15 increases FSHR and decreases AMH mRNA expression in granulosa cells from 3-5 and 6-8 mm follicles [24] .
Reproductive state also seemed to play a role in AMH and AMHRII expression. AMHRII mRNA expression was upregulated in both the molting layer hens and the nonlaying broiler breeder hens. AMH mRNA was significantly higher in nonlaying broiler breeder hens. In mammals, reproductive dormancy has been correlated with increased AMH protein levels in the ovary [5] . Although the mechanism is not known, reproductive state and the associated hormone changes may influence AMH and AMHRII expression. If AMH is important in regulating the rate of follicle recruitment, these data support our hypothesis that AMH and AMHRII help protect the hen's ovarian reserve, possibly by inhibiting folliculogenesis. Further work to evaluate the direct effects of AMH in the hen is warranted. Factors that affect the AMH/AMHRII signaling pathway in mammalian physiology, including members of the GATA [34] and SOX [35, 36, 37] families, may perform comparable roles in the chicken. Likewise, downstream targets in mammals include ID3 and the newly identified microRNA-181a and microRNA-181b [4] . Transcription factors and downstream targets of AMH/AMHRII in the chicken should be identified. In addition, manipulating the regulatory elements supporting the AMH/AMHRII signaling pathway might influence oviposition rates by modifiying the rate of folliculogenesis.
In conclusion, AMHRII was characterized in folliculogenesis to better understand the potential reproductive role of AMH in the hen. AMH and AMHRII mRNA and protein are present in small whole follicles. AMH could be exerting an effect on the oocyte, as AMHRII mRNA has been found at higher levels in ooplasm than in granulosa cells. High AMH/AMHRII mRNA expression early in folliculogenesis may indicate AMH plays a role in regulation of early follicular activation and development. The increase in AMHRII mRNA during periods of reproductive quiescence points to a potential inhibitory effect of AMH on the follicle pool. Future work should identify direct transcription factors involved in the AMH/AMHRII signaling pathway in chickens, and continue to investigate the mechanisms of action utilized by AMH/AMHRII regarding bidirectional communication between the oocyte and granulosa cells.
